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Abstract 18 
Detecting opportunities for between-species transmission of pathogens can be challenging, 19 
particularly if rare behaviours or environmental transmission are involved. We present a 20 
multilayer network framework to quantify transmission potential in multi-host systems, 21 
incorporating environmental transmission, by using empirical data on direct and indirect 22 
contacts between European badgers Meles meles and domestic cattle. We identify that 23 
indirect contacts via the environment at badger latrines on pasture are likely to be 24 
important for transmission within badger populations and between badgers and cattle. We 25 
also find a positive correlation between the role of individual badgers within the badger 26 
social network, and their role in the overall badger-cattle-environment network, suggesting 27 
that the same behavioural traits contribute to the role of individual badgers in within- and 28 
between-species transmission. These findings have implications for disease management 29 
interventions in this system, and our novel network approach can provide general insights 30 
into transmission in other multi-host disease systems.  31 
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Introduction 36 
Between-species transmission of infection in multi-host disease systems remains 37 
poorly understood, despite representing a potentially important opportunity for disease 38 
control (Plowright et al. 2017; Webster et al. 2017). The behaviours that might result in 39 
transmission of infections between species are often rare (Viana et al. 2014), with successful 40 
transfer and establishment of the pathogen in a new host being rarer still (Woolhouse et al. 41 
2001). As a result, identifying when and where transmission occurs between host species, 42 
and the behaviours that make specific individuals or classes important, can be particularly 43 
challenging. While advances in pathogen genotyping have helped (Johnston et al. 2010; 44 
Mather et al. 2013; Viana et al. 2014; Kamath et al. 2016; Trewby et al. 2016), there is a 45 
paucity of evidence on precisely how individual behaviour is associated with opportunities 46 
for between-species transmission, even in the best-studied systems. 47 
Pathogen transmission can occur via direct transmission between individuals or 48 
indirectly via vectors, fomites or wider environmental sources of infection (McCallum, 49 
Barlow & Hone 2001; White et al.  2017). The behaviours that facilitate direct and indirect 50 
transmission can be very different; the former requires spatial and temporal co-occurrence 51 
and often a specific behavioural interaction, while indirect transmission can simply require 52 
spatial co-occurrence within a certain time window (Godfrey 2013). This distinction can be 53 
particularly important when direct interactions among potential hosts are rare, which is 54 
likely to be the case for between-species transmission (Viana et al. 2014). Identifying the 55 
relative importance of direct and indirect transmission, and the behaviours involved, are 56 
therefore likely to be important prerequisites to the development of effective disease 57 
management strategies (Plowright et al. 2017; Webster et al. 2017). 58 
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The application of network approaches (White et al. 2017; Silk et al. 2017a; b) and 59 
movement ecology (White et al. 2018, Dougherty et al. 2018) has become integral to 60 
understanding the impact of individual behaviour in disease ecology. Both approaches have 61 
exploited the increasing availability of high resolution bio-logging technology to quantify 62 
how variation in host behaviour contributes to heterogeneity in pathogen transmission 63 
opportunities (Krause et al. 2013; White et al. 2017). Recent developments in network 64 
analytical approaches have included the development of a general multilayer network 65 
approach that considers multiple interdependent networks within the same analytical 66 
framework (Kivelä et al. 2014; De Domenico et al. 2016; Pilosof et al. 2017b). This multilayer 67 
approach offers new opportunities to consider interactions between host populations 68 
(Pilosof et al. 2017a) and to combine social and spatial networks in novel ways (Pilosof et al. 69 
2017b). Here we present a multilayer network as a general framework for quantifying the 70 
relative importance of potential routes for direct and indirect pathogen transmission 71 
between host species. We apply our framework to an empirical dataset generated using 72 
proximity loggers deployed on European badgers Meles meles, domestic cattle Bos taurus 73 
and at badger latrines in their shared environment. 74 
Badgers and cattle represent an ideal study system in which to implement this 75 
multilayer approach. Both species can be infected by Mycobacterium bovis, the causative 76 
agent of bovine tuberculosis (bTB) and in England and Wales this important zoonotic disease 77 
costs the government and farmers over £100 million pounds per year (Godfray et al. 2013; 78 
Harris et al. 2017). In badgers, direct transmission via inhalation of aerosolised bacteria 79 
(Cheeseman et al. 1989) and, to a lesser extent, biting (Jenkins et al.  2012) are suspected to 80 
be key routes for acquiring infection. Hence the distribution of infection in badgers is 81 
correlated with social network structure (Weber et al. 2013b). Direct cattle-cattle 82 
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transmission is also well documented, and thought to occur predominantly via a respiratory 83 
route (Goodchild & Clifton-Hadley 2001). Transmission between badgers and cattle, 84 
however, remains difficult to trace and quantify. Direct behavioural interactions between 85 
badgers and cattle and therefore associated opportunities for direct transmission of M. 86 
bovis are rare (Böhm, Hutchings & White 2009; Drewe et al. 2013; Woodroffe et al. 2016). 87 
Given that M. bovis can persist in the environment in suitable conditions (Courtenay et al. 88 
2006; King et al. 2015), indirect routes of spread via the environment could play a role in 89 
disease transmission between badgers and cattle. In particular, the presence of 90 
concentrations of badger excreta at latrine sites on cattle pasture is often identified as a 91 
potentially important source of infection for cattle (Williams & Hoy 1930; Maddock 1933; 92 
Benham & Broom 1991; Courtenay et al. 2006). 93 
Using an empirical dataset derived from a study that quantified badger-badger, 94 
badger-cattle, badger-latrine, cattle-cattle and cattle-latrine contacts using proximity 95 
loggers (Drewe et al. 2013), we constructed a multilayer network of the badger-cattle-96 
environment system. M. bovis is a chronic and slow-spreading infection in badger 97 
populations which prevented us from directly investigating transmission over the period 98 
when proximity loggers were deployed.  However, using a novel multilayer approach we 99 
aimed to investigate how direct and indirect contacts may influence transmission 100 
opportunities. We predicted that our approach would reveal the potential importance of 101 
routes for indirect transmission of infection between badgers and cattle, expecting that 102 
indirect contacts via latrines would be integral to connecting the badger and cattle layers of 103 
the network. We also predicted that the network positions of badgers within their own 104 
social network would reflect their position in the overall multilayer network, as individuals 105 
that range further and have more connections would also be expected to use more latrines. 106 
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. Finally, we expected considerable variation among latrines in their potential importance 107 
for transmission, depending on how centrally located they were within the study site and 108 
the number of badgers from different social groups that used them. We then discuss how 109 
this framework might tease apart direct and indirect transmission and help identify 110 
individuals that might be particularly important for cross-species transmission. 111 
 112 
Methods 113 
Study site 114 
The data used in this study were collected at Woodchester Park, Gloucestershire, UK 115 
(Fig. 1; 51° 43′ N, 2° 16 W) between April and September 2010. The study site is a 7 km2 area 116 
of the Cotswold escarpment centred on a wooded valley with pockets of cattle pasture on 117 
the valley floor and mixed agriculture in the surrounding area (Fig. 1). The site is the location 118 
of a long-term study of the ecology, epidemiology and demography of a high-density badger 119 
population (21-23 different social groups) naturally infected with M. bovis (Delahay et al. 120 
2013; McDonald et al. 2018). Social group territories within the study area are defined using 121 
bait-marking studies during the period of peak territoriality in the spring (see Delahay et al. 122 
2000), and we use these measures to identify social group territories (Fig. 1) and define 123 
social group membership throughout this study. 124 
 125 
Data collection 126 
 Data were collected on social and spatial behaviour of cattle and badgers using UHF 127 
proximity loggers (Sirtrack, Havelock North, New Zealand). These devices operate by 128 
transmitting a unique UHF signal and automatically detecting the signal of other loggers that 129 
come within a pre-set distance of each other. The end of a contact event is determined 130 
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when two loggers have stopped detecting one another for a pre-set time period (30 seconds 131 
in this study). At this point the date/time and duration of the contact is logged, together 132 
with the identity of the encountered logger (Drewe et al. 2012, 2013; Weber et al. 2013b). 133 
During the wider study (from September 2009 until September 2010), proximity loggers 134 
were deployed on a total of 33 Welsh Black cattle, 61 badgers, and for some of the time at 135 
19 base stations located at active badger latrines (Drewe et al. 2013). The analysis 136 
presented here focussed only on the period between April and September 2010, while base 137 
stations were deployed at latrines and proximity logger data were simultaneously collected 138 
from 25 cattle and 42 badgers (either directly through logger downloads or indirectly 139 
through interacting with a logger that was subsequently downloaded). This provided contact 140 
data for the majority of individual animals in the herd of cattle in the central valley of the 141 
study area. Data were temporarily unavailable for some individuals if collar memory banks 142 
were full, collars were lost or for the calves in the herd prior to collaring. Contact data was 143 
available from approximately 70% of the adult badgers in the focal social groups in the study 144 
area (Drewe et al. 2013; Weber et al. 2013b). Data on latrine use were available from 13 145 
latrines in total (Fig. 1). 146 
 Badgers were trapped as part of the ongoing long-term study at Woodchester Park 147 
(McDonald et al. 2018). Proximity loggers mounted on leather neck collars were fitted to 148 
adult badgers (those more than one year old) while they were anaesthetised for routine 149 
examination (including ageing and sex determination) and sampling. Cubs cannot be 150 
collared for welfare reasons. The detection distance of each badger collar was pre-set to 151 
between 0.4 and 1.4 metres (there is some natural variability between collars) to record 152 
close contacts that represent potential opportunities for M. bovis transmission. Samples 153 
collected while badgers were under anaesthesia were used to ascertain bTB infection status. 154 
8 
 
Badgers were classified as infected if they tested positive for at least one of three diagnostic 155 
tests (Drewe et al. 2010): mycobacterial culture of clinical samples (Clifton-Hadley, 156 
Wilesmith & Stuart 1993), a serological assay (Stat-Pak; Chambers et al. 2008) and a gamma-157 
interferon assay (Dalley et al. 2008) at any capture event prior to when collars were fitted. 158 
While these tests individually have their limitations, combining test results increases the 159 
likelihood of correctly determining M. bovis infection status (Drewe et al. 2010).  160 
 Proximity loggers mounted on nylon neck collars were deployed on cattle in the 161 
centre of the study area for up to 12 months (the exact duration of collaring varied among 162 
individuals). The proximity collars had a detection range of 1.5-1.9 metres. The collared 163 
cattle during study as a whole comprised 24 females and nine males, 28 of which were 164 
adults and five of which were calves born during the study and fitted with proximity loggers 165 
in June 2010. The cattle farm was in an annual testing area for bTB, and so all cattle in the 166 
study had tested negative on the tuberculin skin test within the 12 months prior to the start 167 
of the study, with the exception of newborn calves. 168 
 Base stations were deployed at active badger latrines in the three main cattle fields 169 
in the valley (Fig. 1). Base stations were pre-set to detect proximity loggers coming within a 170 
horizontal distance at ground-level of 0.3-0.8 metres. As this resulted in a greater detection 171 
distance above ground-level, data on animal collar logger to base station contact events 172 
were extracted from base station datasets (and did not require reciprocal contacts to be 173 
recorded by the collar loggers). 174 
 175 
Social network construction 176 
 Contact data were filtered in the same way as previous studies (Drewe et al. 2012, 177 
2013). Records within a rolling 60 second time interval were amalgamated and then any 178 
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remaining one second contacts were removed. The filtered data were then used to 179 
construct the four constituent networks of a multilayer network framework: i) a social 180 
network of all contacts recorded among badgers, ii) a spatial bipartite network recording 181 
when individual badgers visited latrines monitored by base stations, iii) a spatial bipartite 182 
network recording when individual cattle visited latrines monitored by base stations, and iv) 183 
a social network of all contacts among cattle (Fig. 2).  184 
 185 
Network edge definitions 186 
Edges in each network were weighted by the log of the total duration of contacts 187 
within a dyad. Badger-badger edges connected individuals that had come within the 188 
detection distance (0.4-1.4 metres) of proximity loggers that were successfully recovered 189 
and downloaded. Cattle-cattle edges also connected individuals that had come within the 190 
detection distance (1.4-1.9 metres) of proximity loggers that were recovered. Badger-latrine 191 
and cattle-latrine edges connected individual animals to latrines if the base station 192 
positioned at that latrine recorded a contact. Base stations were pre-set to record contacts 193 
within 0.3-0.8 metres at ground level (see Drewe et al 2013). 194 
 195 
Social network analysis 196 
Position of badgers in within-species and multilayer networks  197 
 The roles of individual badgers within the badger social network and within the 198 
overall multilayer network were compared using a range of centrality measures for single 199 
and multilayer networks. Multilayer centrality measures for each badger were calculated by 200 
transforming the multilayer edge list into a supra-adjacency matrix containing all four 201 
networks (Kivelä et al. 2014) (Fig. S1) and then analysing the resultant network in the R 202 
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package igraph (Csardi & Nepusz 2006). We calculated four measures of centrality: 203 
unweighted degree, weighted degree (strength), eigenvector centrality and betweenness 204 
centrality. These measures were selected to provide a spectrum from those measuring 205 
purely direct connections (unweighted degree/strength), through accounting for localised 206 
indirect connections (eigenvector centrality) to global measures of network position 207 
(betweenness centrality). Betweenness was calculated using inverted edge weights as 208 
igraph treats greater weight as a cost in its shortest path algorithms (Silk et al. 2017a). The 209 
equivalent centrality measures were then calculated for the badger social network only. All 210 
measures from each network were scaled by dividing by the maximum value for each 211 
measure, meaning that values for all centrality measures were between 0 and 1 for each 212 
network. 213 
 We then tested whether the network position of badgers within the overall 214 
multilayer network depended on phenotypic traits using a randomisation-based approach 215 
(Farine & Whitehead 2015; Silk et al. 2017b). We fitted generalised linear mixed effects 216 
models with unweighted degree (logistic transformation of scaled values, Gaussian error 217 
distribution), weighted degree (logistic transformation of scaled values, Gaussian error 218 
distribution), a binary approximation of eigenvector centrality (whether the scaled 219 
eigenvector centrality was greater or less than 0.5; binomial error distribution) and 220 
betweenness (scaled values, zero-inflated beta distribution) as response variables. Models 221 
for unweighted degree, weighted degree and eigenvector centrality were fitted in the R 222 
package lme4 (Bates et al. 2015). The model for betweenness was fitted in Stan (Carpenter 223 
et al. 2017) using the R package brms (Burkner 2017). We included sex (male versus female), 224 
age (adult [2+ years old] versus yearling [1-2 years old]), bTB infection status (test-positive 225 
versus test-negative) and the number of days an individual was known to be collared as 226 
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explanatory variables. Age was not included in the model for eigenvector centrality as no 227 
yearlings had an eigenvector centrality greater than 0.5. The number of days an individual 228 
was known to be collared was scaled to be mean-centred with unit variance. We included 229 
social group membership as a random effect to control for differences between individuals 230 
generated by variation in the number of individuals collared per group. Badger social group 231 
membership was assigned according to which sett an individual was most recently captured 232 
at, using bait-marking data from 2009, 2010 and 2011 to define social group territories 233 
(Delahay et al. 2000). Using this combined (multi-year) approach differed from using the 234 
2010 bait marking data only by placing setts Y and ST as different social group territories, 235 
rather than including them as part of the same group. We tested the statistical significance 236 
of our model estimates using node-based permutations of the data. We randomly 237 
resampled the identity of all individuals in the population 10,000 times and recalculated 238 
model estimates for these randomised datasets. Terms were considered to be statistically 239 
significant in the real dataset if the effect size lay outside the 95% confidence interval of 240 
effect sizes in the randomised datasets. Social group was considered to be more important 241 
than expected by chance if the estimate of the variance explained by social group lay 242 
outside the 95% confidence intervals of the equivalent value calculated from the 243 
randomised networks. The p value represents the proportion of estimates of the random 244 
effect variance from models in randomised networks that were greater than the equivalent 245 
estimate from the observed network. 246 
 247 
The role of indirect contacts in disease transmission 248 
 We developed a novel approach to identify the relative importance of indirect 249 
contacts via latrines (potential environmental routes for between and within-species 250 
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transmission) that calculated the proportion of all possible shortest paths between pairs of 251 
nodes within the unweighted multilayer network that included a latrine. If indirect contacts 252 
are vital to the connection of layers (or for connections within layers) then this value would 253 
be expected to equal 1, and if indirect contacts do not ever shorten possible transmission 254 
routes between hosts then this value would be expected to be 0 (Fig. 3). When both indirect 255 
and direct contacts occur, this measure can quantify the extent to which indirect routes can 256 
shorten potential transmission pathways. We used unweighted edges to reflect the 257 
importance of the existence of these connections due to uncertainty over how weight 258 
should be incorporated into epidemiologically relevant shortest path calculations.  259 
We also quantified a similar measure of the importance of indirect contacts via other 260 
network layers for network paths between all pairs of individual badgers (dyads) that were 261 
collared contemporaneously for a minimum of 10 days. First, we calculated the proportion 262 
of the set of shortest paths between badgers that included a latrine for all dyads (817 in 263 
total). We then determined the proportion of shortest paths between dyads containing 264 
individuals from different groups (711 in total) which included a latrine. This makes it 265 
possible to consider the potential relative importance of indirect contacts for within- and 266 
between-group transmission (see Fig. S2). The statistical significance of the difference in the 267 
proportion of between- versus within-group shortest paths that passed through latrines was 268 
assessed by randomly sampling from all possible shortest paths between dyads 100,000 269 
times and calculating the equivalent proportion of between- versus within-group dyads they 270 
contained. A similar approach was used to determine the statistical significance of the 271 
proportion of between-group dyads that contained a latrine. 272 
 273 
Heterogeneity in importance among latrines 274 
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 The potential importance of different latrines in facilitating disease transmission was 275 
assessed using multilayer centrality measures. Similar to above, centrality measures were 276 
calculated for each latrine from a supra-adjacency matrix of the multilayer network using 277 
the package igraph (Csardi & Nepusz 2006). We calculated degree, strength, eigenvector 278 
centrality and betweenness centrality to measure the influence and connectivity of each 279 
latrine in the full network. Again, betweenness was calculated using inverted edge weights. 280 
We additionally calculated the degree and strength of latrines to badgers and cattle 281 
separately to determine whether connections to one species or the other were more 282 
important in making latrines central within the multilayer network. 283 
 We then compared the distribution of the network measures calculated in the 284 
observed network to the same distribution calculated from 100000 multilayer networks in 285 
which the badger-latrine and cattle-latrine networks had been randomised. These 286 
randomisations were restricted so that: (a) cattle-latrine edges could only be swapped to 287 
latrines in the same field, but could be swapped to any other cow, and (b) badger-latrine 288 
edges could only be swapped to another latrine in the same or a neighbouring social group 289 
territory or only to another badger from the same social group as the original. Our algorithm 290 
for edge swaps: (1) selected an edge to be changed, (2) randomly selected either the animal 291 
or the latrine to be swapped, then (3) completed the swap according to the rule outlined 292 
above. After every 10 swaps (1000000 million swaps were conducted in total) all measures 293 
were calculated as described above. Both cattle-latrine and badger-latrine edges were 294 
randomised (with the order of the swaps occurring randomly in each step of the algorithm). 295 
 296 
 297 
Results 298 
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Position of individual badgers in within-species and multilayer networks 299 
Individual badgers tended to occupy similar positions in the badger social network as in the 300 
multilayer network that also contained badger latrines and cattle interactions (Fig. 2, Fig. 4), 301 
and this pattern was consistent regardless of the nature of the centrality measure used. The 302 
sex, age and infection status of badgers did not generally significantly relate to variation in 303 
network centrality of individuals within the overall multilayer network (Table 1). No 304 
yearlings were recorded to have high scores for eigenvector centrality. The only additional 305 
significant result was for males to be less likely to have high eigenvector centrality scores 306 
than females. However, given the considerable standard error around the model predictions 307 
in the observed network, this result should be treated with caution. For all measures of 308 
network centrality, a considerable amount of variation was explained by the social group 309 
affiliation of individual badgers (eigenvector centrality: p<0.001, degree: p = 0.004, strength: 310 
p=0.002, betweenness: p<0.001). 311 
 312 
The role of indirect contacts in disease transmission 313 
 In the wider study by Drewe et al. (2013) a very small number of badger-cattle 314 
contacts were detected, but in the subset of data used for the present study, no such 315 
interactions were represented.  All of the shortest paths between the badgers and cattle 316 
within the multilayer network included a latrine, indicating the likely importance of indirect 317 
contacts for disease transmission in this system. For badger-badger transmission routes, 299 318 
of the 817 possible shortest paths between individuals that were contemporaneously 319 
collared for 10 days or more included a latrine. All (100%) of these 299 shortest paths 320 
containing latrines also connected badgers from different territorial social groups, 321 
significantly more than would be expected by random chance (p<0.001, 97.5% quantile of 322 
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randomisations = 269 [90.0%]). These shortest paths via latrines represented 42% (299/711) 323 
of the total number of between-social group shortest paths, which was significantly more 324 
than would be expected by chance alone (p<0.001, 97.5% quantile of randomisations = 325 
37.8% [269/711]). Together, this highlights that indirect contacts via latrine use are 326 
potentially important in providing transmission routes between badger social groups.  327 
 328 
Heterogeneity in importance among latrines 329 
 Latrines varied considerably in their centrality (Table 2, Table S1), with some being 330 
more central or less central in the network than expected by chance. In the observed 331 
network both strength (direct connections) and betweenness centrality (global centrality) 332 
were dominated by particular latrines to a greater extent than in the randomised networks 333 
(Table 2). However, the identity of these latrines differed depending on the centrality 334 
measure used (Table 2, Table S1), especially for betweenness relative to more local 335 
centrality measures. The most central latrines tended to have more and stronger 336 
connections to both badgers and cattle (Fig. S3). One latrine (node 169)  was consistently 337 
much more central than expected by chance regardless of the centrality measure used and 338 
therefore occupied a particularly important position in the network. 339 
 340 
Discussion 341 
 We have presented a novel multilayer framework for considering the potential role 342 
of social and spatial behaviour in pathogen transmission in multi-host systems. Using this 343 
framework we have demonstrated the potential importance of indirect contacts in 344 
providing opportunities for the transmission of M. bovis between badgers and cattle. 345 
Furthermore, using a network approach has enabled us to reveal important variation among 346 
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badger latrines in their role in both badger-badger contacts and badger-cattle contacts. 347 
Finally, we revealed that the relationship between the role of badgers in the badger social 348 
network and the overall multilayer network was similar, indicating that measures of intra-349 
specific social interactions in badger populations can provide a useful proxy for the potential 350 
role of individuals in between-species transmission. 351 
Our results are consistent with previous studies which also found that opportunities 352 
for direct transmission of M. bovis from badgers to cattle at pasture are likely to be rare 353 
(Böhm et al. 2009; Drewe et al. 2013; Woodroffe et al. 2016). In addition, our approach 354 
enabled us to quantify the role of individual badger latrines within a broader network of 355 
direct and indirect transmission opportunities. We revealed considerable variation among 356 
latrines in their role in connecting the multilayer network. The most influential latrines were 357 
clustered towards the centre of the study site, suggesting that this was partially driven by 358 
edge effects, and incomplete coverage of latrines by base stations. However, there were 359 
multiple latrines with base stations located within this area of the study site and it was 360 
notable that two of those identified as more central (node IDs 157 and 169) occurred in a 361 
region of overlap between three distinct badger social group territories. Latrines are likely to 362 
be particularly influential or to have high betweenness in the network if they are either 363 
contacted by many individuals of both species or connect individuals that are otherwise 364 
unlikely to interact. The fact that boundary latrines (i.e. those located at the boundary 365 
between different social group territories, such as node IDs 157 and 169 in the present 366 
study) are more likely to be visited by badgers from multiple setts is well established (Roper 367 
et al. 1993; Delahay et al. 2007).  Our analysis reveals the true importance of this to the 368 
overall network structure; boundary latrines are responsible for almost half of the shortest 369 
paths through the network between pairs of badgers from different groups. However, to be 370 
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influential within the full multilayer network these latrines must also be frequently visited 371 
by cattle. This is a combined result of the intensity of use of pasture, the precise location of 372 
the latrine and the behaviour of the cattle when they are in the field. Most cattle tend to 373 
avoid badger latrines while foraging (Benham & Broom 1991), but this avoidance is reduced 374 
when overall sward quality is low and as a result of cattle tending to forage closer to field 375 
edges, where badger latrines can also be concentrated (Hutchings & Harris 1997). 376 
While networks have been used to reveal the importance of heterogeneity in social 377 
contacts (VanderWaal & Ezenwa 2016; White et al. 2017) and in spatial networks of animal 378 
movements (Kao et al. 2006; Keeling et al. 2010; Jacoby & Freeman 2016), there has been 379 
little empirical research quantifying variation in indirect transmission opportunities. This is 380 
important as quantifying and characterising this variation might facilitate the targeting of 381 
management efforts at key sources of environmental transmission. For example, further use 382 
of multilayer network approaches to study direct and indirect contacts at a greater number 383 
of latrines would make it possible to more accurately characterise those that are potentially 384 
important for transmission between badger social groups and on to cattle.  385 
Our multilayer network analytical approach enabled us to investigate the extent to 386 
which the role of badgers within their own social network correlated with their position in a 387 
broader badger-cattle-environment network. There was clear correspondence between the 388 
role of individual badgers in the badger social network with their position in the overall 389 
network for both direct/local and indirect/global measures of network position. It might be 390 
possible that these results are driven by the selection of latrine sites at which base stations 391 
were deployed, which tended to be towards the centre of the study site. This could 392 
potentially enhance any edge effects that result in badgers in social groups closer to the 393 
centre of the study site having higher centrality in the network We know from previous 394 
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work that badgers that are test positive to M. bovis are more likely to occupy more 395 
connected roles within the badger social network (Weber et al. 2013b), and to use outlier 396 
setts away from the main communal burrow system more frequently at certain times of 397 
year (Weber et al. 2013a). These individuals could therefore act as “spread capacitors” that 398 
regulate the spread of infection in the badger population (Weber et al. 2013b; Silk et al. 399 
2017a). Given that network position within the badger social network is broadly reflective of 400 
the position of individuals in the full multilayer network, it seems likely that these 401 
individuals may also be integral in regulating transmission between hosts via the 402 
environment. Network modelling of this system that takes into account the full multi-host 403 
system and varies the relative importance of environmental transmission could reveal the 404 
conditions required for heterogeneity in badger social behaviour to influence disease 405 
dynamics more generally.  406 
Our results do not provide evidence that might make it possible to predict whether 407 
particular individuals are likely to be important for between-species transmission based on 408 
non-behavioural traits. There was no clear correlation between age, sex or bTB infection 409 
status with any measures of centrality in the overall multilayer network. However, in badger 410 
social networks a more in-depth analysis was required to characterise the relationship 411 
between network position and infection (Weber et al. 2013b), and therefore it may be that 412 
more detailed datasets on badger-latrine-cattle interactions could provide greater insights. 413 
There is considerable literature on temporal and individual variation in latrine use by 414 
badgers (Roper et al. 1993; Stewart et al. 2002; Delahay et al. 2007), but less information on 415 
how and why cattle interact with latrines (but see Benham & Broom 1991; Hutchings & 416 
Harris 1997). However, it is only by taking the two in combination that the full picture can 417 
be revealed, and the use of temporally dynamic methods is likely to be especially 418 
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illuminating due to the time-lagged nature of transmission. This re-emphasises the 419 
importance of identifying the traits that result in individuals occupying these 420 
epidemiologically important roles in the contact network (VanderWaal & Ezenwa 2016; 421 
McDonald et al. 2018), but again highlights the likely importance of considering the 422 
influence of individual variation in behaviour on network position within the full multi-host 423 
system rather than a single component of it.  424 
More generally, our multilayer method provides a useful tool with which to 425 
disentangle the potential importance of direct and indirect transmission between different 426 
hosts. In particular, quantifying the proportion of shortest paths between layers that pass 427 
through environmental reservoirs of infection provides a very clear indication of the impact 428 
they may have on multi-host disease dynamics. While, our case study is dominated by 429 
indirect transmission, this approach is likely to be especially beneficial in contexts when it is 430 
difficult to tease apart differences between direct and indirect transmission routes. The 431 
power of this approach in revealing how indirect contacts affect the network position of 432 
individual badgers is a good illustration of this. Clearly, our approach will be most applicable 433 
when there are spatially-discrete peaks in indirect/environmental transmission risk (the 434 
latrines in our study system being a good example). However, while this may be somewhat 435 
limiting, there are numerous other examples where such peaks in environmental 436 
transmission might occur from shared refuge use (Godfrey et al. 2009; Leu et al. 2010) 437 
through to resource patches such as watering holes (Paull et al. 2012; Barasona et al. 2014) 438 
or anthropogenic food sources (Becker et al. 2015). In addition, the importance of indirect 439 
transmission will depend on other aspects of the system, such as the ability of the pathogen 440 
to persist in the environment and the relative likelihood of transmission occurring via 441 
different routes (Webster et al. 2017). However, if this additional information is available 442 
20 
 
then it could be incorporated into a multilayer network model of infection within multi-host 443 
systems. By building network models that explicitly incorporate spatial and social layers of 444 
multiple hosts it is likely to be possible to make more holistic predictions about dynamics in 445 
these multi-host systems that relate to both social behaviour and movement ecology.  446 
 447 
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Figures and Tables  639 
Table 1. The effect of badger phenotypic characteristics (sex, age, bTB infection status) and the duration of 640 
collaring, on network position in the overall multilayer network. Model estimates are provided along with the 641 
quantiles from equivalent models fitted following node-based permutations of the network. The one-tailed p 642 
value is the proportion of estimates from the randomised data that are less than or equal to the model 643 
estimate for the observed data and should be considered as statistically significant when less than 0.025 or 644 
greater than 0.975. Results marked * are statistically significant using this permutation test. Results marked 
+
 645 
are marginally non-significant. 646 
Centrality 
measure 
Effect Model Estimate 
2.5% quantile 
from null models 
97.5% quantile 
from null models 
P value 
Degree Sex (M vs. F) -0.29(±0.31) -0.90 0.89 0.065 
Degree 
Infection 
status (+ vs. –) 
-0.15 (±0.35) -0.90 0.91 0.789 
Degree Collar duration 0.20 (±0.14) -0.45 0.42 0.320 
Degree Age (Y vs. A) -0.14 (±0.42) -1.12 1.23 0.869 
Strength Sex (M vs. F) -0.16 (±0.31) -0.90 0.89 0.260 
Strength 
Infection 
status (+ vs. -) 
-0.31 (±0.34) -0.91 0.91 0.387 
Strength Collar duration 0.19 (±0.14) -0.43 0.41 0.814 
Strength Age (Y vs. A) -0.13 (±0.41) -1.10 1.22 0.428 
Betweenness Sex  (M vs. F) -1.08 (±0.64) -1.40 1.45 0.359 
Betweenness 
Infection 
status (+ vs. -) 
0.62 (±0.84) -1.43 1.63 0.262 
Betweenness Collar duration -0.12 (±0.27) -0.73 0.66 0.797 
Betweenness Age (Y vs. A) 1.08 (±1.03) -1.83 2.22 0.428 
Eigenvector 
centrality 
Sex  (M vs. F) -3.50 (±4.65) -1.91 2.22 0.002* 
Eigenvector 
centrality 
Infection 
status (+ vs. -) 
1.88 (±4.31) -2.23 1.88 0.975
+ 
Eigenvector 
centrality 
Collar duration 0.10 (±1.59) -0.84 1.40 0.572 
Eigenvector 
centrality 
Age (Y vs. A) NA NA NA NA 
 647 
  648 
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Table 2. The observed strength and betweenness centrality of badger latrines in a multilayer contact network 649 
between badgers and cattle. Values indicted by > represent an observed centrality measure that is greater 650 
than expected by the randomisation of networks, and < represents an observed centrality measure that is 651 
lower than expected 652 
  653 
Badger 
latrine 
Observed 
strength 
Expected strength in 
randomised networks 
Observed 
betweenness 
centrality 
Expected betweenness 
centrality in randomised 
networks 
153 0.65 > 0.36-0.65 1.00 > 0.004-0.983 
154 0.44 ~ 0.36-0.65 0.00 < 0.002-0.929 
155 0.90 > 0.36-0.65 0.22 ~ 0.002-0.961 
156 0.38 ~ 0.35-0.66 0.90 ~ 0.002-0.954 
157 0.88 > 0.36-0.65 0.04 ~ 0.002-0.971 
158 0.39 ~ 0.36-0.66 0.00 < 0.002-0.973 
159 0.39 ~ 0.35-0.65 0.00 < 0.005-0.961 
160 0.47 ~ 0.36-0.65 0.12 ~ 0.005-0.920 
161 0.50 ~ 0.36-0.65 0.01 ~ 0.005-0.956 
164 0.18 < 0.36-0.65 0.00 < 0.005-0.944 
166 0.17 < 0.35-0.65 0.00 < 0.002-0.908 
168 0.18 < 0.36-0.66 0.00 < 0.005-0.937 
169 1.00 > 0.36-0.65 0.99 > 0.007-0.939 
31 
 
654 
Figure 1. A map of the study site showing badger social group boundaries (coloured polygons), badger main 655 
setts (yellow pentagons), the location of active latrines at which base stations were located (red circles), and 656 
the areas of cattle pasture (green hatched area). Social group polygons represent the 95% maximum convex 657 
polygon of the 2010 bait-marking data and are labelled with the identifying codes of the social groups that 658 
they contain (see Fig. 4). Social group territories can contain multiple main setts. 659 
660 
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 661 
Figure 2. A multilayer contact network for European badgers and domestic cattle at the Woodchester Park 662 
study site. The top (blue layer) depicts the badger social network for the entire study period. The bottom (red) 663 
layer depicts the cattle social network for the entire study period, with edges filtered for clarity to show only 664 
the 25% of the strongest edges. Locations of nodes in the badger network were determined by layout.auto() in 665 
the R package igraph and the locations in the cattle network were determined by the layout_in_circle(). The 666 
side (green) layer represents badger latrines (arranged on a plane in correspondence with their location within 667 
the study site). Grey edges represent contacts between either badgers or cattle with base stations positioned 668 
at those latrines. For each of these bipartite, spatial networks (badger-latrine and cattle-latrine) edges are 669 
filtered for clarity to show only the 25% of the strongest edges. 670 
  671 
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 672 
Figure 3. A graphical depiction of calculating the proportion of inter-layer shortest paths that are indirect (IP). 673 
All pairwise combinations in the top (“B”) layer and bottom (“C”) layer are given a score of 0 if the shortest 674 
path through the network between them does not include an indirect/environmental connection, 1 if it does, 675 
and 0.5 if the shortest direct and indirect paths are equally short. We illustrate three toy examples where the 676 
vast majority of shortest paths are direct (A), direct and indirect routes are similarly important (B), and all 677 
shortest paths are indirect (C). 678 
 679 
  680 
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 681 
 682 
Figure 4. Correlations between the network positions of individual badgers in the badger social network and 683 
the overall multilayer badger-cattle-latrine network for a) eigenvector centrality, b) page rank centrality, c) 684 
betweenness and d) unweighted degree. Points are labelled according to the social group to which an 685 
individual belonged (see Fig. 1). Points in c) and d) have been jittered for visualisation. 686 
